To improve our understanding of the organization and regulation of the wheat (Triticum aestivum L.) gene space, we established the first transcription map of a wheat chromosome (3B) by hybridizing a newly developed wheat expression microarray with BAC pools from a new version of the 3B physical map as well as with cDNA probes derived from 15 RNA samples. Mapping data for almost 3000 genes showed that the gene space spans the whole chromosome 3B with a twofold increase of gene density towards the telomeres due to an increase in the number of genes in islands. Comparative analyses with rice and Brachypodium revealed that these gene islands are composed mainly of genes likely originating from interchromosomal gene duplications. Gene ontology and expression profile analyses for the 3000 genes located along the chromosome revealed that the gene islands are enriched significantly in genes sharing the same function or expression profile, thereby suggesting that genes in islands acquired shared regulation during evolution. Only a small fraction of these clusters of cofunctional and coexpressed genes was conserved with rice and Brachypodium indicating a recent origin. Finally, genes with the same expression profiles in remote islands (coregulation islands) were identified suggesting long-distance regulation of gene expression along the chromosomes in wheat.
INTRODUCTION
The organization of the gene space in a genome refers to the layout of the protein-coding genes along the chromosomes (Jackson et al., 2004) . With the growing number of sequenced genomes (Feuillet et al., 2010) , many studies have led to the conclusion that this organization is far from random and is correlated to the genome size. (487 Mb) , alternation between high gene density regions and low gene density regions is observed (Tuskan et al., 2006; Jaillon et al., 2007) . This tendency is even stronger in plants with large genomes such as Glycine max (1115 Mb) and Zea mays (2300 Mb) in which a positive gradient of gene density from the centromere to the telomeres has been observed (Schnable et al., 2009; Schmutz et al., 2010) .
Irrespective of genome size or gene space organization, clusters of genes sharing expression profiles were identified in several plants, including Arabidopsis (Ren et al., 2005; Zhan et al., 2006) and rice (Ren et al., 2007) . In addition to coexpressed genes, clusters were shown to be significantly enriched in genes sharing the same function or assigned to the same pathway in Arabidopsis, but also in cotton, grape, poplar, papaya, rice and sorghum (Lee and Sonnhammer, 2003; Williams and Bowles, 2004; Schmid et al., 2005; Xu et al., 2008; Liu and Han, 2009 ).
The genome of bread wheat, Triticum aestivum L., is one of the most complex plant genomes as it is allohexaploid (A, B, and D genomes), and comprises 17000 Mb of sequence (~5700 Mb per subgenome) with more than 80% of repeated sequences.
Consequently, molecular analyses of the wheat genome have always been very challenging and in the absence of a reference genome sequence little is known about the organization of the gene space. Previous studies performed on a very limited number of randomly chosen BACs suggested an uneven distribution of the genes along the wheat chromosomes (Devos et al., 2005; Charles et al., 2008) . In addition, a positive gradient of gene density from the centromere to the telomeres was suggested by Akhunov et al. (2003) and Munkvold et al. (2004) based on EST mapping in wheat deletion bins and more recently by Choulet et al. (2010) determined by the annotation of megabase-sized sequences along chromosome 3B.
Previous studies in the Triticum lineage suggested that the gene space is organized in isolated genes and gene islands, i.e. "gene-rich regions", whose number and distribution varied significantly between studies. In some cases, it was proposed that most of the genes are found in a few gene rich regions (Sandhu and Gill, 2002; Erayman et al., 2004) whereas in other cases, numerous but small gene islands have been proposed (Brooks et al., 2002; Chantret et al., 2004; Wicker et al., 2005; Choulet et al., 2010; Rustenholz et al., 2010) .
Recently, Choulet et al. (2010) estimated that 50% of wheat intergenic distances are shorter than 43 kb and used this distance to define a gene island in the wheat genome as blocks of two to ten genes (three genes on average) separated from other genes by about 100-200 kb.
Moreover, hybridization of wheat BAC pools from chromosome 3B onto barley expression microarrays led to the mapping of 738 genes along this chromosome and showed that the distribution of gene islands is strongly correlated with a positive gradient of gene density along wheat chromosome 3B (Rustenholz et al., 2010) . Such gene islands have also been described in maize by Wei et al. (2009) who found that 56% of the intergenic distances were shorter than 20 kb , a value comparable to what has been observed in wheat (Choulet et al., 2010 ) after a correction of genome size. Similar gene densities in gene islands were also observed in soybean and cotton (Clough et al., 2004; Guo et al., 2008) . So far, however, little is known about the formation of gene islands and the forces that maintain some genes close to each other during the evolution of genomes subjected to massive expansion in size.
In this study, we established an improved version of the chromosome 3B physical map and used it to map almost 3000 genes whose expression patterns were tested in 15 different conditions using a newly developed wheat NimbleGen 40K unigene microarray. This transcription map of a wheat chromosome enabled us to confirm that 70% of the genes are organized in islands that are responsible for the positive gradient of gene density observed from the centromere to the telomeres. By studying their evolution, expression and putative function, we identified islands with coexpressed and cofunctional genes including some that are conserved with rice and/or Brachypodium whereas others were of more recent origin.
Finally, we suggest structural and functional hypotheses for the origin and the conservation of genes organized in islands in the wheat genome.
RESULTS

A sequence-ready physical map of the chromosome 3B of hexaploid wheat
The first physical map of wheat chromosome 3B (995 Mb) covered 82% of the chromosome in 1036 contigs with an average size of 783 kb (Paux et al., 2008) . To perform whole chromosome sequencing and expression profiling, the map was recently improved through the fingerprinting of 82,176 additional BAC clones and 7440 BAC clones from the first version of the minimal tiling path (MTP). The resulting high information content fingerprints (HICFs) were added to the original 1036 contigs resulting in a final assembly of 131,792
HICFs into 1669 contigs representing 961 Mb (97% of the whole chromosome) with 19.2 X coverage (http://urgi.versailles.inra.fr/cgi-bin/gbrowse/wheat_FPC_pub/). Using mapping information from the 1443 markers already assigned to contigs (Paux et al., 2008) , 919 out of the 1669 contigs covering 740 Mb were assigned to one of the eight intervals defined by genetic deletions, so-called "deletion bins" (3BS8-0.78-1.00, 3BS9-0.57-0.78, 3BS1-0.33-0.57, C-3BS1-0.33, C-3BL2-0.22, 3BL2-0.22-0.50, 3BL10-0.50-0.63 and 3BL7-0.63-1.00) (Table 1) . A subset of 9216 BACs representing the minimal tiling path (MTP) of the new version of the 3B physical map was selected and rearrayed. Sixty-four three-dimensional (plate, row, and column) pools from the MTP were produced and subsequently used in this study. These clones also are being currently used to sequence the wheat chromosome 3B with a BAC-by-BAC approach based on second generation sequencing (http://urgi.versailles.inra.fr/index.php/urgi/Projects/3BSeq).
A chromosome-wide survey of the wheat gene space organization
We recently demonstrated the efficiency of hybridization experiments between EST microarrays and three-dimensional pools of the MTP to assign individual genes to wheat physical maps (Rustenholz et al., 2010) . However, in this first experiment, the limited number of genes present on the barley microarray (~15,000) and the sequence divergence between the two species enabled only a small number of genes to be mapped to chromosome 3B.
The sequence divergence was also a major limitation for the analysis of gene expression.
Thus, to perform a whole chromosome expression profiling of wheat genes on chromosome 3B, we developed an "in-house" wheat NimbleGen 40K unigene microarray using the To assess the reliability of these results, hybridization data corresponding to recently sequenced and manually annotated contigs were retrieved and compared to the reference annotations (Choulet et al., 2010) . Out of 62 unigenes mapping to the contigs, seven (11%)
were absent from the reference sequence and thus can be considered as false positives.
The remaining 55 unigenes (89%) were confirmed by BLASTN analysis, demonstrating that unigene microarray hybridization is a powerful and reliable approach to map genes to BAC contigs and investigate the gene space organization. Interestingly, 17 out the 55 matched a previously non-annotated region. Among them, 70% displayed significant expression in at least one of the 15 cDNA samples, confirming that they do correspond to transcriptional units that were missed in the first annotation. The identification by tiling microarrays of new transcriptional units that had not been identified through computational annotation has been reported already in other species, such as Escherichia coli, Arabidopsis thaliana, fruit fly, human and rice (Bertone et al., 2005; Jiao et al., 2005; Stolc et al., 2005; Gregory et al., 2008) .
To further determine the location of genes along the chromosome, we used the deletion bin mapping information from the 1669 BAC contigs of the 3B physical map. 2196 genes (75%)
were assigned to one of the 8 deletion bins permitting us to calculate the gene density for each bin using the cumulated length of anchored contigs from the physical map in each deletion bin (Table 1 ). The results showed that the gene density distribution is significantly By comparing the distribution of the syntenic genes with that of the non-syntenic genes, we found that the gradient of gene density along chromosome 3B is mainly due to the presence of non-syntenic genes (Pearson's correlation coefficient r=0.934; P-value=7E-4); whereas syntenic genes have no impact on the overall gradient (Pearson's correlation coefficient r=0.246; P-value=0.557) (Table 1, Figure 1 and Table S1 ). In addition, the density of nonsyntenic genes correlated to the crossing-over rate estimated by Saintenac et al. (2009) Based on this definition, they estimated that 75% of the wheat genes belong to gene islands.
In this study, a similar proportion (70%; 2040 / 2924) was observed when considering genes on the same or overlapping BACs. Thus to further investigate the gene space organization, we considered gene islands as regions in which genes are located on the same or on overlapping BACs. These 2040 genes were found to be part of 709 gene islands composed of two to 30 genes (average=2.9 ± 1.6, median=2). Such a proportion of genes in islands is higher than the one expected from a random distribution as revealed by 10,000 random samplings without replacement of 2924 gene locations on the chromosome 3B BACs (Figure 1 and Table S1 ). Moreover, this density is also correlated with the density of non-syntenic genes (Pearson's correlation coefficient r=0.898; P-value=0.002); whereas no correlation is found with the density of syntenic genes (Pearson's correlation coefficient r=0.207; P-value=0.622) (Figure 3 and Table S1 ). Thus, these results confirm that the gradient of gene density observed along the chromosome 3B
results from an increase of genes in islands along the chromosome axis from centromere to telomeres. The present results also indicate that the gene islands originated from genome rearrangements and were not formed by genes that were already close to each other in the ancestral grass genome.
Transcription mapping of chromosome 3B
To study the relationships between gene space organization and gene expression, we corresponded to genes that were located previously in islands on chromosome 3B. Among those, 186 (11%) show similar expression profiles with their neighbor(s), defining 80 socalled 'coexpression clusters' of two to 21 genes (average=2.3 ± 2.1, median=2) ( Figure 4A and B). This proportion (11%) is significantly higher than the value obtained after 10,000 random samplings without replacement of the gene locations on the BACs (average=3.9 ± 0.6%, P-value<0.0001), thereby suggesting selection for such coexpression clusters. In addition, the density of coexpressed genes in islands was significantly non-uniform along chromosome 3B (Chi² test, P-value=0.009) with more coexpressed genes in islands than expected in the two most distal deletion bins (13% in 3BS8-0.78-1.00 and 15% 3BL7-0.63-1.00) ( Table 1) . Of the 80 coexpression clusters identified on chromosome 3B, 63 (79%) contained at least one non-syntenic gene whereas only 17 (21%) were comprised of syntenic genes only ( Figure 3 ).
In an attempt to assign putative functions to the wheat chromosome 3B unigenes, we used the Gene Ontology ( A striking example is a gene-rich island located in the distal bin of the long arm of chromosome 3B (3BL7-0.63-1.00) which contains 30 genes distributed over 474 kb. Out of these 30 genes, 16 are found in the same order on the non-syntenic rice chromosome 10.
This region contains mainly house-keeping genes, such as genes coding for chlorophyllassociated proteins, ribosomal proteins, or phytochrome. Twelve of these 16 genes are coexpressed and cofunctional, three are coexpressed only, and one did not share any functional feature with any other member of the group. Transcriptomic data of rice chromosome 10 (see Methods) revealed that the orthologous genes in rice are also highly coexpressed (data not shown). Therefore, despite a large genome rearrangement that led to a syntenic break, micro-collinearity as well as coregulation was maintained after wheat and rice diverged 50-70 million years ago. Surprisingly, this cluster is not conserved in Brachypodium as 20 of the 30 genes were not found in the genome sequence and the 10 remaining ones were located on three different and non-syntenic chromosomes (namely 1, 3, and 5).
Finally, the transcription correlation map of chromosome 3B ( Figure 4B ) revealed correlations between the expression patterns of 18 physically distant coexpression clusters that were named "coregulation islands". These were composed of two to seven distant coexpression clusters with the same expression profiles (as defined by the 153 profiles mentioned previously). These coregulation islands involved 54 of the 80 coexpression clusters (68%) and 132 of the 186 coexpressed genes (71%). In addition to their expression profiles, most of the genes involved in these coregulation islands also shared the same GO terms. The density of genes involved in coregulation islands was positively correlated significantly with the distance from the centromere (Pearson's correlation coefficient r=0.730,
P-value=0.040).
For example the telomeric 3BS8-0.78-1.00 deletion bin showed 16 genes as part of coexpression clusters with all of them also involved in a coregulation island; whereas, only 40% of the 10 coexpressed genes from the centromeric C-3BS1-0.33 deletion bin were involved in a coregulation island. In terms of synteny, eight coregulation islands were comprised exclusively of non-syntenic genes, nine contained both syntenic and non syntenic genes, and only one was composed entirely of syntenic genes. Comparative analyses between the genes identified on wheat chromosome 3B and their orthologs on rice chromosome 1 suggested an overall synteny level of 58%, which is consistent with previous studies (La Rota and Sorrells, 2004; Munkvold et al., 2004; Varshney et al., 2005; Bilgic et al., 2007; Stein et al., 2007) . The level of synteny was slightly higher with Brachypodium chromosome 2 (65%), as expected based on the more recent divergence time (30 million years) between these two species compared to rice (>50 million years) (Bossolini et al., 2007; The International Brachypodium Initiative, 2010) . Detailed analysis in each deletion bin revealed a negative gradient of synteny conservation towards the telomeres. In addition, it also revealed a clear negative correlation between the level of conserved synteny and the proportion of genes in islands. All in all, our data strongly suggest that the gradient of gene density along the chromosome results from an increase in the proportion of genes in islands towards the telomeres and that most of these islands originate from genome specific rearrangements that occurred after the divergence between the different grass lineages.
Gene islands, also referred to as "gene-rich regions", are common features of large and highly repetitive plant genomes, especially at the distal parts of chromosomes (Paterson et and mobilization in wheat, however it is highly unlikely that this mechanism led to the movement of almost 4000 genes, as estimated by the overall synteny level of 52-58% between wheat and rice. Wicker et al. (2010) reached the same conclusion in a recent study where they performed a three-way comparison of Brachypodium, rice and sorghum genomes. In addition to the TE-driven gene capture, the authors proposed a mechanism where foreign fragments containing genes were introduced as ''filler DNA'' to repair doublestrand breaks (DSBs) that occurred upon TE insertion or during recombination. Interestingly, In the human, mouse, Arabidopsis and rice genomes, the percentage of adjacent coexpressed genes ranges from 2% to 10% with two to four genes involved (Ren et al., 2005; Sémon and Duret, 2006; Zhan et al., 2006; Ren et al., 2007) . In fruit fly, Spellman and 1 6
Rubin (2002) found 20% of adjacent genes that were part of large coexpression domains involving 10 to 30 genes. Here, we found that gene islands were significantly enriched in genes having the same transcription profiles. This proportion may be even higher if we consider that we only analyzed one third of the putative 8000 genes located on chromosome 3B. In particular, the hybridization-based approach cannot detect tandemly duplicated genes that have been shown to be more prone to coexpression than adjacent nontandemly duplicated genes (Williams and Bowles, 2004; Ren et al., 2005; Zhan et al., 2006) . We also found a few coexpressed gene clusters that were conserved between wheat and rice or Brachypodium suggesting that genes maintained their proximity during the evolution and that common regulatory mechanisms are also conserved between plant genomes. Other examples have been reported already of coexpressed and cofunctional gene pairs conserved between Arabidopsis, rice, and poplar (Krom and Ramakrishna, 2008; Liu and Han, 2009 ). However, in addition to the syntenic genes, we found that more than two-thirds of the coexpression clusters contained also non syntenic genes when compared to rice and/or Brachypodium genes. As discussed previously, these clusters likely originate from gene movement mediated by TE or from DSB repair and could have acquired shared expression patterns. If this is the case, then we can hypothesize that when a gene is translocated from one genome region to another, it may be under specific selection pressure to acquire an expression pattern that correlates strongly with the expression patterns of the domain of integration. A similar phenomenon has been described previously by Gierman et al. (2007) who analyzed Green Fluorescent Protein (GFP) reporter constructs inserted at different chromosomal loci in the human genome. They found that the GFP expression levels corresponded to the transcriptional activity of the integration domain, demonstrating that a gene inserted in the vicinity of another gene has a significant probability to share the expression profile with its neighbor. Based on our current data, we cannot estimate the relative contribution of each type of regulation (direct interactions and chromatin effects) on gene coexpression in wheat. Nevertheless, this might be investigated in a near future when the whole chromosome 3B sequence will be released.
In addition to coexpressed genes, we found a significant number of cofunctional genes, i.e.
sharing the same GO term(s). Some also shared the same expression profiles but the majority was not coexpressed. For the latter, we could hypothesize that we failed to detect their coexpression as we established the expression profiles on a limited number of cDNA experiments such as in situ hybridization or chromosome conformation capture (3C; Shaw, 2010) will be necessary to test this hypothesis.
Here, by constructing a transcription map of wheat chromosome 3B, we gained significant insights in the organization, evolution and function of the wheat gene space. Our results strongly suggest that the wheat genome has evolved more rapidly and more dramatically than the model genomes of rice and Brachypodium. The development of other physical maps from the hexaploid wheat genome currently underway within the International Wheat Genome Sequencing Consortium framework (www.wheatgenome.org), will enable similar studies at the whole genome scale in the near future while the sequence of chromosome 3B which is currently underway (http://urgi.versailles.inra.fr/index.php/urgi/Projects/3BSeq), should provide the foundation for progressing further in our understanding of gene expression regulation and evolution in wheat.
MATERIAL AND METHODS
Construction of the second version of the wheat chromosome 3B physical map and production of MTP BAC pools
A new chromosome 3B-specific BAC library containing 82,176 clones was constructed as described by Šimková et al. (2011) . The 82,176 BAC clones together with the 7440 MTP BAC clones originating from the first version of the physical map were fingerprinted using a slightly modified High Information Content Fingerprinting (HICF) SNaPshot protocol that uses a combination of five Type II restriction enzymes and capillary electrophoresis on automated sequencers (Paux et al., 2008) . A total of 78,840 new high quality fingerprints were obtained using the FPB software (Scalabrin et al., 2009) 
and analyzed with Fingerprinted Contigs
Program (FPC) (Soderlund et al., 1997; Soderlund et al., 2000) to be combined with the first version of the chromosome 3B physical map containing 1036 contigs. Briefly, the initial build of chromosome 3B was performed by incremental contig building with a cutoff of 1e-75 and a tolerance of 4. These were subsequently run through keyset-to-FPC, single-to-end and endto-end merging (Match: 1; FromEnd: 55) at six successively higher cutoffs terminating at 1e-45. The DQer function was used after each merge to break up all contigs that contained more than 10% of Questionable (Q) clones (Step: 3). Sixty-four three-dimension (plate, row, column) MTP BAC pools were produced following the procedure described by Paux et al. (2008) .
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The wheat NimbleGen 40K unigene microarray
The wheat NimbleGen 40K unigene microarray was designed using the Triticum aestivum NCBI unigene set build #55 counting 40349 unigenes resulting from the assembly of 960174
ESTs and mRNAs (http://www.ncbi.nlm.nih.gov/UniGene/UGOrg.cgi?TAXID=4565).
Unigene sequences were masked based on a k-mer frequency analysis. A 17-mer-based mathematically defined repeat (MDR) index was built with Tallymer (Kurtz et al., 2008) using 2 Gb from Illumina reads produced from sorted 3B chromosomal DNA (accession number: ERA000182). K-mer frequency of all unigene sequences was thus computed using this MDR index. Seventeen-mers repeated five times or more in the index were masked to exclude repeated motifs from the probe design. The masked sequences were submitted to NimbleGen (Roche NimbleGen, Inc.) for probe design using proprietary algorithms. In total 39179 unigenes were represented by at least one 60-mer probe: 39019 unigenes with three probes, 78 with two probes and 82 with one probe. These probes were synthesized onto 900AL scanner (Innopsys, Carbonne, France). Data was extracted from scanned images using NimbleScan 2.5 software (Roche NimbleGen, Inc.) which allows for automated grid alignment, extraction and generation of data files. All data has been submitted to ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/) (accession # E-TABM-1095) under MIAME guidelines (http://www.mged.org/Workgroups/MIAME/miame.html).
Normalization and data deconvolution of the MTP pool data
The normalization and the data deconvolution were performed using automated scripts developed with the R software (www.r-project.org). First intensity values were checked for each gene and each MTP pool. If one probe was found to be an outlier among the three probes per unigene it was deleted from further analysis. Data from each MTP pool were then made comparable with each other by subtracting the median to each intensity value and then by dividing by the standard deviation. Three files were generated corresponding to the normalized intensities for the plate, row and column pools. The three pool types were treated separately. Two complementary methods with three stringency thresholds each were then used to detect the positive signals.
The first method, called The "Mean + X × Standard Deviation" method, required the calculation of the median for the intensities of probes corresponding to the same gene and to the same pool. Then the same method rather than the "automated scoring" method described by Rustenholz et al. (2010) was applied to the data with minor modifications.
Indeed the coefficients multiplying the standard deviation were modulated and the plate and column pools shared the same coefficients (Coefficients for high thresholds: plate and column=2.8 and row=2.5; Coefficients for medium thresholds: plate and column=2.4 and row=2.3; Coefficients for low thresholds: plate and column=2.2 and row=2.1).
The second method, called the "t-test" method, used Student's t-Tests for each gene to compare intensities of one pool to the intensities of the others. Variance was considered to be equal. The three stringency levels corresponded to the three P-value thresholds (High, Pvalue threshold=0.01; Medium, P-value threshold=0.025 and Low, P-value threshold=0.05).
Data deconvolution was carried out independently for both methods and stringency levels as described by Rustenholz et al. (2010) . All BAC addresses found with the high thresholds of both methods were retained. Then for the medium thresholds, only the unigenes located on the overlap of two BACs and that were not previously identified by the high thresholds were www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved. 1 added. Finally for the low thresholds, only the unigenes located on the overlap of two BACs and that were not previously identified by the high and medium thresholds were added.
Transcriptomic data analyses and validation
The normalization of the transcriptomic data was performed using automated scripts developed with the R software (www.r-project.org). First each image was divided into 30 identical zones. The background intensity was estimated using the median of the intensities of the empty spots and of the spots made of random sequences for each zone and We used the rice transcriptomic data produced by Wang et al. (2010) as they sampled the same organs that we selected, on the entire life cycle of the plant. Medians were calculated for the expression data corresponding to root, leaf, stem, spike and grain parts.
Statistical analyses
The statistical analyses were performed using automated scripts developed with the R software (www.r-project.org).
The script developed to validate the wheat gene space organization in gene islands Chi² tests were performed to check the uniformity of a gene density distribution along wheat chromosome 3B. First the average density was calculated by dividing the sum of genes (isolated or coexpressed genes) by the total length of contigs assigned to the deletion bins.
Then the number of genes per deletion bin under the uniform law was calculated by multiplying the average density with the length of contigs assigned per deletion bin. The numbers of genes observed for all the deletion bins and the numbers of genes for all deletion bins under the uniform law were compared through a Chi² test. The P-value threshold was set to 0.05.
The extrapolation of the gene density assuming that the chromosome 3B carries 6000 genes (Paux et al., 2008) and that the telomeric deletion bins are composed by ~30% of tandemly number of genes in the two most telomeric deletion bins (3BS8-0.78-1.00 and 3BL7-0.63-1.00) was increased by 30% to simulate the tandemly duplicated genes. These numbers of genes were used to calculate the extrapolated gene densities per deletion bin. Classical Pearson's correlation coefficient tests were performed to check the correlation between various variables. The P-value threshold was set at 0.05. Correlation matrixes were established by calculating Pearson's correlation coefficient of the expression profiles between all the pairs of genes on wheat chromosome 3B or on a specific region of rice chromosome 10 (LOC_Os10g21194 to LOC_Os10g38276). The wheat genes were ordered thanks to their assignation to a deletion bin. The wheat contigs within the deletion bins were randomly ordered. The correlation maps were established based on the correlation matrixes using the corrplot package (http://cran.r-project.org/).
Sequence analyses
Since EST assembly used for the unigene design is not available at the NCBI web site, we rebuilt the EST contigs to check if some could exhibit highly similar regions. FASTA sequences of ESTs belonging to the same cluster have been pooled together and assembled using Phrap (http://www.phrap.org/) to rebuild the EST contigs. Two rounds of assembly were performed: first, using default Phrap parameters; second, with relaxed stringency in order to assemble EST clusters for which 2 or more contigs were obtained after the first round. Then, similarity search between EST contigs was conducted using BLASTN (Altschul et al., 1997) . Alignments were parsed to keep only the best hits with at least 90% of sequence identity on at least 20 bp. Pairwise comparisons of EST contigs were performed (BLASTN; Evalue=1) and unigenes showing at least 98% of sequence identity, mapped to the same BAC clone and potentially matching the same gene were removed from further analyses. BLASTN (Altschul et al., 1997) analyses of the unigene sequences provided by the NCBI and of the sequences of the probes designed within the unigene sequences against the sequenced contigs of chromosome 3B (Choulet et al., 2010) were performed (BLASTN, Evalue=1E-15).The Artemis viewer (Rutherford et al., 2000) was used to find the annotation (gene, non annotated region or repeat) at the hit position. BLASTX (Altschul et al., 1997) analyses of the unigene sequences against the databases of all the rice peptides similarity on at least 33 amino acids. Every unigene with a hit meeting these criteria was considered as orthologous the rice or Brachypodium gene identified. Figure 2 was drawn using Circos (Krzywinski et al., 2009) to represent the syntenic relationships between wheat chromosome 3B and the rice genome and between wheat chromosome 3B and the Brachypodium genome. The genes within each deletion bin were ordered using to the chromosome and the physical position of their orthologs. The GO annotations from rice (164,737 GO terms; 29,753 genes) and from Brachypodium (71,123 GO terms; 15,439 genes) (ftp://ftp.gramene.org/pub/gramene/CURRENT_RELEASE/data/ontology/go/) were used to assess the GO of the wheat genes orthologous to rice and/or Brachypodium genes.
A GO-Slim annotation (goslim_plant.obo selected) was performed using Blast2GO 
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